ABSTRACT: Visual pigments are G-protein-coupled receptors that provide a critical interface between organisms and their external environment. Natural selection has generated vertebrate pigments that absorb light from the far-UV (360 nm) to the deep red (630 nm) while using a single chromophore, in either the A1 (11-cis-retinal) or A2 (11-cis-3,4-dehydroretinal) form. The fact that a single chromophore can be manipulated to have an absorption maximum across such an extended spectral region is remarkable. The mechanisms of wavelength regulation remain to be fully revealed, and one of the least well-understood mechanisms is that associated with the deep red pigments. We investigate theoretically the hypothesis that deep red cone pigments select a 6-s-trans conformation of the retinal chromophore ring geometry. This conformation is in contrast to the 6-s-cis ring geometry observed in rhodopsin and, through model chromophore studies, the vast majority of visual pigments. Nomographic spectral analysis of 294 A1 and A2 cone pigment literature absorption maxima indicates that the selection of a 6-s-trans geometry red shifts M/LWS A1 pigments by ∼1500 cm -1 (∼50 nm) and A2 pigments by ∼2700 cm -1 (∼100 nm). The homology models of seven cone pigments indicate that the deep red cone pigments select 6-s-trans chromophore conformations primarily via electrostatic steering. Our results reveal that the generation of a 6-s-trans conformation not only achieves a significant red shift but also provides enhanced stability of the chromophore within the deep red cone pigment binding sites.
Visual pigments are responsible for mediating vision and color discrimination. These pigments are members of the G-protein-coupled receptor (GPCR) 1 family, having seven transmembrane R helices as the core structure. The visual pigments in the retina are classified according to sequence similarity into mid-and long-wavelength sensitive, M/LWS (>510 nm); short-wavelength sensitive set 1, SWS1 (350-450 nm); short-wavelength sensitive set 2, SWS2 (440-461 nm); rhodopsins, RH1 (470-500 nm), and rhodopsin-like cone pigments, RH2 (460-510 nm) (1, 2) (Figure 1 ). These pigments contain a protein called opsin and a retinal chromophore, which is a derivative of vitamin A. The chromophore in vertebrate visual pigments is either 11-cisretinal (an A1 retinal) or 11-cis-3,4-dehydroretinal (an A2 retinal) chromophore ( Figure 2 ). The A2 retinal extends the π system by one double bond inside the ring and absorbs at longer wavelengths than the A1 retinal (3, 4) .
Spectral tuning of visual pigments allows vertebrates to adjust visual acuity to suit their environment. Because red-green light is preferentially transmitted near the surface of the water (5), most freshwater fish and amphibians select an A2 retinal chromophore to extend visual sensitivity to longer wavelengths (2, 6) . A variety of tuning mechanisms relevant to both A1 and A2 chromophores have been proposed. Electrostatic chromophore-protein interactions represent the most extensively studied mechanisms because the protein-bound chromophore is positively charged (7) (8) (9) (10) (11) (12) (13) . The exceptions are the UV-cone pigments, which have a deprotonated Schiff base chromophore (14) (15) (16) . The absorption spectrum of the chromophore is also sensitive to the conformation of the chromophore, and it has long been known that the selection of a 6-s-trans chromophore conformation will red shift the chromophore (11) . The origin of this red shift is the enhanced planarity of the π system of the 6-s-trans conformation, which decreases the energy of the lowest unoccupied molecular orbital (11) . Indeed, a 6-strans ring conformation was first proposed by Chen and coworkers as a spectral tuning mechanism in iodopsin (λ max ) 571 nm) (17) . More recently, Makino and co-workers tested this hypothesis by incorporating locked 6-s-cis,9-cis retinal analogues into bleached salamander, squirrel, monkey red, and monkey green cone pigments (18) . Their study, however, concluded that the differences in λ max between the red-and green-absorbing pigments do not depend upon the conformation of the C 6 -C 7 bond of the retinal. We revisit this conformational mechanism in the present paper by examining different chromophore binding site models and homology models of M/LWS pigments. We demonstrate that deep red cones preferentially select a 6-s-trans conformer and that this selection is directly responsible for as much as a 100 nm red shift in the A2 red cone pigments. The evidence for A1 6-s-trans pigments is less compelling but warrants additional study.
Although the M/LWS pigments contain a protonated Schiff base and high binding site similarity across species, the reported absorption maxima of the vertebrate M/LWS opsins populate distinct regions of the spectrum ( Figure  3 ). The A2 pigments provide the most dramatic example, with the vast majority near 532 or 620 nm, with only a small number in between. The A1 pigments populate three differentiated regions, with maxima at 520, 533, and 564 nm, and are a more complicated group to analyze. Our initial structure-function studies of these groupings sought differences in the amino acid residues in or near the binding site. We found no systematic changes in binding site residues that could account realistically for the dramatic differentiation depicted in Figure 3 . Other studies have confirmed the lack of obvious residue-based mechanisms (18) . We propose that the regional differences are due to chromophore conformer selection, a more subtle wavelength mechanism that can be triggered by modest changes in the binding site, as we explore below. FIGURE 1: This study's premise is that many of the deep red cones are bathochromically shifted to higher wavelength by adopting a 6-strans conformation of the 11-cis-retinal chromophore. The figure places solid rectangles around those pigments for which A2 6-s-trans conformations are predicted, with dashed lines indicating more tentative assignments for the A1 6-s-trans pigments. The phylogenetic tree shown here is constructed from aligned sequences by neighbor-joining methods through ClustalW. The distances of the sequences are estimated on the basis of the Dayhoff PAM matrix by Prodist of the PHYLIP program (version 3.65). The numbers along the branches indicate the clustering percentage obtained from 1000 bootstrap resamplings. The values enclosed in parentheses are the observed absorption maxima of the pigments, when available. Classification nodes are marked with circles, and the seven pigments modeled in this study are labeled in color. FIGURE 2: Vertebrate visual pigments select either A1 retinal or A2 (3,4-dehydroretinal) 11-cis-retinal as the bound chromophore. A2 retinal has an additional double bond in the -ionone ring, which red shifts the absorption spectrum. The contours describe the differential electrostatic field based on the point-charge Mulliken population [B3LYP/6-31G(d)]. The red contours indicate areas of positive charge, and the blue contours indicate areas of negative charge relative to the chromophore as a whole, which carries a net positive charge. Note that the 6-s-trans conformers move positive charges toward the ring relative to the 6-s-cis conformers.
MATERIALS AND METHODS
Chromophore Binding Site Models. The isolated chromophore models that we used to examine the effect of 6-s-cis versus 6-s-trans conformation on the electronic properties of the isolated chromophores are shown in Tables S3 and S4 of the Supporting Information. The ground-state geometries of the models were minimized by DFT (B3LYP/6-31G(d)) methods in Gaussian 03 (19) . The excited-state (spectroscopic) properties were calculated using the MNDO-PSDCI theory including full single-and double-configuration interaction within the chromophore π system (15, (20) (21) (22) .
Homology Modeling of M/LWS Pigments of Different
Vertebrates. We constructed homology models of the following seven proteins referenced via accession number: P14592 (American chameleon red, 625 nm), CAB91996 (canary red, 571 nm), AAC12941 (dolphin green, 524 nm), AAA49169 (goldfish green, 532 nm), NP_000504 (human green, 531 nm), NP_06445 (human red, 560 nm), and AAD40324 (monkey red, 560 nm). The sequences of M/LWS pigments of different vertebrates were aligned against the sequence of rhodopsin [Protein Data Bank (PDB) code 1U19] (23) using the BLOSUM62 scoring matrix in MathScriptor (www.mathscriptor.org). Hydrogen atoms were added, and an initial minimization was executed in CAChe (Fujitsu, Inc., Beaverton, OR) by MM2 methods (24, 25) . All hydrogen atoms were minimized fully prior to optimization of the whole protein, and the backbone was locked during these minimizations. To create models with a 6-s-trans retinal chromophore, the dihedral angle of the ring was altered to change the ring conformation of the retinal.
The models were further optimized by adopted basis Newton-Raphson (ABNR) methods, with harmonic constraints on the backbone and dihedral constraints on the chromophore polyene chain using CHARMM (26, 27) . The parameters for the chromophore were adapted from the optimized retinal structure by Hermone and Kuczera (28) . The system was gradually heated from 0 to 300 K over an interval of 20 ps, followed by 50 ps of simulation at 300 K to equilibrate the system. All molecular dynamics (MD) simulations were carried out for 2 ns, with a time step of 0.001 ps, assuming a dielectric constant of 1.0. A nonbonded cutoff of 15 Å with a nonbonding smoothing function applied between 11 and 14 Å was used for all calculations. All MD simulations were carried out using the Charmm22 parameter proteins and TIP3P waters (26, 27) .
Monkey red models were also generated on the basis of the human red pigments. We included in this study both 9-cis and 11-cis chromophores to better understand the relationship between this theoretical investigation and the previous experimental study by Makino et al. (18) .
RESULTS
Chromophore Binding Site Models. The ground-and excited-state properties of the 10 sets of binding site models were calculated, and their properties are summarized in Tables S3 and S4 in the Supporting Information. The molecular diagram that is shown to the left of the data (Tables  S3 and S4 in the Supporting Information) shows the geometry of the chromophore with the lowest energy conformation. A few of our models contain a protonated Schiff base without a negative counterion, while the remainder contains a negatively charge species near the Schiff base present either as a carboxylate ion group or a perchlorate ion. We have also constructed a binding site model with a total charge of -1 by introducing a carboxylate ion group and a model with a total charge of +1 by adding an iminium ion near the polyene chain of the retinal. In general, protonated Schiff bases without negative counterions select the 6-s-trans. Most others select 6-s-cis.
Homology Models. To examine the sequence similarity among M/LWS pigments, a number of vertebrate pigments were aligned with respect to the rhodopsin crystal structure (PDB code 1U19). As observed in previous studies, we identified no charged residues within 5 Å of the chromophore other than the primary counterion (29, 30) . We also examined the residues at positions 164, 261, and 269 (rhodopsin numbering). A hydroxyl-containing residue at these positions has been shown to red shift the absorption maxima (30, 31) . However, we observe that many of the region 1 pigments also contain Tyr, Thr, and Ser at these positions, indicating that these particular residues are not the primary source of the red shift. A summary of our findings for selected region 1 and 3 pigments is shown in Tables S5 in the Supporting Information. We conclude that serine at position 164 may play a small role in enhancing the region 1-3 shift, but this residue is not a primary source of the significant red shift. The mechanism that we propose here is the selection of a 6-s-trans chromophore conformation in the deep red (region 3) FIGURE 3: Histogram analysis of 294 M/LWS pigments reveals the distribution of absorption maxima into two or three regions of the visible spectrum for A1 (top) and A2 (bottom) pigments. We refer to those red cones with absorption maxima in region 3 as "deep red" cones and propose that these pigments have 6-s-trans chromophores. The literature data and associated references are listed in Tables S1 and S2 of the Supporting Information. pigments. Because this selection would be a discontinuous conformational change, a large shift in the nomographic spectral distribution would be anticipated. That feature is observed for the A2 chromophores ( Figure 3 ).
DISCUSSION
The first question that we seek to answer is whether the spectral shifts observed in the histograms of Figure 3 are consistent with 6-s-cis to 6-s-trans conformational changes of the chromophore. To explore this question, we prepared a set of 10 11-cis-retinal Schiff-base chromophores with various covalent substituents that mimic the extremes of electrostatic environments observed within the visual pigments. All but 1 of the 10 models were protonated, and a few involved isolated protonated Schiff bases without counterions. Carboxylate ion groups and perchlorate ions were used to represent negatively charged ions, while iminium ions were introduced to represent positively charged ions near the chromophore. The models are shown in Tables  S3 and S4 in the Supporting Information along with the calculated results. The ground-state geometries were minimized using density functional methods [B3LYP/6-31G(d), Gaussian 03, Gaussian Corp., Pittsburgh, PA], and the photophysical properties were calculated using MNDO-PSDCI theory (see the Materials and Methods). The MNDO-PSDCI method has been found to be very reliable for calculating the absorption properties of retinal chromophores, both isolated and protein-bound (15, 22) . The transition energies into the low-lying strongly allowed excited state are summarized in the histogram of Figure 4 . The wavelength shift for our A1 models is comparable to the shift for isolated chromophores observed by Honig and co-workers (11) . The model chromophore studies predict a 6-s-cis to 6-s-trans average bathochromic shift of ∼1680 cm -1 for A1 chromophores and ∼1970 cm -1 for A2 chromophores ( Figure  4 ), which are to be compared to the observed region 1-3 bathochromic shifts of ∼1500 and ∼2670 cm -1 , respectively ( Figure 3 ). The good agreement for the A1 chromophores is encouraging and provides support for our hypothesis. The calculated shift for the A2 chromophores is smaller than the observed shift by roughly 30%. We provide one possible explanation for the larger-than-calculated observed shift based on binding site electrostatics below. Nevertheless, the qualitative agreement is encouraging and provides support for our proposal that the bathochromic shift between regions 1 and 3 is associated with a 6-s-cis to 6-s-trans conformational change.
The next step is to explore the energetics of the conformer selection process. The availability of a crystal structure for rhodopsin (23, 32) coupled with the significant protein homology within the visual pigment family (33) makes homology modeling a viable approach. Our homology modeling methods and procedures are identical to those used previously to study the UV cone pigments (15) and include 2 ns molecular dynamics using the Charmm22 force field. The calculations indicate that the pigments that fall under region 3 of our histogram (Figure 3 ), such as American chameleon red, human red, and canary red, select a 6-s-trans conformation as shown by lower s-trans energies (Table 1) . This finding supports the hypothesis of Chen and co-workers on iodopsin, a pigment that has an 80% sequence identity with the human red cone opsin. Iodopsin, an A1 region 3 pigment, was proposed by Chen and co-workers to contain a 6-s-trans ring conformation as part of its spectral tuning mechanism (17) . The pigments that fall under region 1 of our histogram (dolphin green and goldfish green) gave lower s-cis energies, indicating that region 1 pigments select a 6-scis ring conformation. However, the energetic difference for the A1 deep red cone is within the error margins of these calculations. The studies on monkey red demonstrate the importance of carrying out long-term (2 ns) molecular dynamics prior to minimization. After 1 ns, the binding site retains a preference for a 6-s-cis chromophore, and only after 2 ns does the 6-s-trans chromophore achieve comparative preference. However, a key observation is that these calcula- Tables S3 and S4 in the Supporting Information. The calculations confirm that the 6-s-trans conformers are on average red-shifted relative to the 6-scis conformers. A histogram analysis reveals that the difference in the transition wavelength between the 6-s-trans and the 6-s-cis conformers is similar to that observed between regions 1 and 3 of the experimental A1 and A2 histograms (Figure 3 ). tions do not predict energy differences larger than the intrinsic error in such procedures. Hence, the theoretical results are illustrative but not authoritative.
We also created monkey red models with a 9-cis chromophore. Our calculations predict that the monkey red binding site with a 9-cis chromophore preferentially selects a 6-s-cis conformation ( Table 2 ). This result provides insight into the Makino study (18) , which indicated that the 9-cis,6-s-cis conformer is selected. However, we can find no discrete protein-chromophore interactions that are responsible for selecting 6-s-cis in the 9-cis chromophore but 6-s-trans in the 11-cis chromophore. Rather, we believe this selection process is primarily electrostatic and global to the entire binding site (see the discussion below). Both 9-cis and 11-cis chromophores are very stable in the binding site, and in the case of monkey red, the 9-cis chromophore is calculated to be more stable. This surprising result deserves further study. However, for the purposes of the present study, we conclude that our results and conclusions are consistent with the experimental results reported in Makino et al. (18) .
Although our calculations on both the A1 and A2 chromophores provide support for the selection of a 6-strans geometry in deep red cone pigments, the evidence is stronger for the A2 pigments for two reasons. The first reason is based on the observation that there are very few pigments found between regions 1 and 3 in the A2 histogram ( Figure  3 ). This observation suggests that a single discrete mechanism is responsible for the spectral shift, and the lack of a residue-based source for this shift suggests that the chromophore may be involved. The 6-s-cis and 6-s-transconformations are separated by a relatively large barrier (>10 kcal/mol in the protein), and hence, these two conformations will not be rapidly interconverting. The protein will then relax to accommodate the conformation to yield a stable absorption band characteristic of the lower energy conformation. This recipe will produce the type of histogram that we observe for the A2 pigments ( Figure  3 ). The second reason that the A2 pigment assignment is more compelling derives from an analysis of the molecular dynamics calculations. During dynamics, the protein equilibrates to provide enhanced stabilization of whatever chromophore is inserted and the 6-s-trans conformer requires about 400 ps to stabilize in the deep red A2 pigments but often more than 1.6 ns for the deep red A1 pigments. We conclude that ambient temperature differentiation is more efficient in the A2 pigments, and thus, our modeling is more reliable for these pigments. Conversely, the A1 studies are less certain in terms of both the histograms (high occupation of region 2) and in the requirement that conformational equilibration requires long-term dynamics.
We cannot identify any discrete protein-chromophore interactions within the binding sites of these proteins that are responsible for preferential selection of the 6-s-trans conformer. Rather, we conclude that the 6-s-trans conformer is selected via the combination of two electrostatic effects, which are summarized in Figure 5 . This figure compares the electrostatic fields in the plane of the chromophores in rhodopsin (which selects 6-s-cis) and chameleon red (which selects 6-s-trans). The atomic charges associated with the positively charged chromophore have been neglected, and hence, the binding site displays a net negative charge. In the case of rhodopsin, a majority of the negative charge is concentrated near the protonated Schiff base. In contrast, the negative charge in chameleon red is more evenly distributed, which means that there is a net shift of negative charge toward the ring. An examination of Figure 2 provides a good perspective on why this result will enhance stabilization of the 6-s-trans conformation, which has a charge distribution that shifts more chromophore positive charge toward the ring. Dipole- -10508.343 a The model is based on the human red model that has been run with a 1 ns molecular dynamics. The structure was optimized by ABNR methods, and the energy was calculated (see the text).
b The same as in a but after 2 ns molecular dynamics.
FIGURE 5: Electrostatic contours in the plane of the chromophores of bovine rhodopsin (1U19) and a 6-s-trans homology model of American chameleon based on 1U19. The contours are based on Mulliken charges from a single SCF PM3 Mozyme calculation on a Charmm-based structure following 2 ns molecular dynamics. The contours are associated with the protein residues, ignoring the chromophore charges. Note that, in both cases, the chromophore is bathed in an electrostatic field that is predominantly negative (blue contours). However, the dipole moment of the binding site is nearly orthogonal between the two proteins, with the rhodopsin binding site favoring a 6-s-cis conformer (top) and the American chameleon binding site (bottom) favoring a 6-s-trans conformer. dipole interactions are also important. In American chameleon red, the net dipole moment of the binding site is oriented orthogonal to the chromophore, whereas in rhodopsin, the dipole moment of the binding site is along the axis of the chromophore. The former situation preferentially stabilizes the 6-s-trans conformer, and the latter preferentially stabilizes the 6-s-cis conformer. We refer to the above effects as electrostatic steering and note that an increasing negative charge near the ring will also enhance the red shift associated with the low-lying strongly allowed 1 B u + -like state. This follows from the fact that, upon excitation, negative charge is shifted toward the Schiff base. This charge shift will enhance the stability of the excited state relative to the ground state when the negative charge is shifted toward the ring. This observation may explain why the region 1-3 separation is about 30% larger for the A2 pigments than that calculated on the basis of the isolated models.
What remains to be explained is what conformation is selected in those A1 pigments that occupy region 2 of Figure  3 . We do not have an answer to this question. Homology calculations on two pigments in this region were ambiguous, and it is possible that a mixture of 6-s-cis and 6-s-trans conformers are present in some of these pigments.
SUPPORTING INFORMATION AVAILABLE
Over 200 absorption maxima of various vertebrate red cone pigments used to generate the histograms shown in Figure 3 , as well as a summary of the quantum mechanical calculations. This information is available free of charge via the Internet at http://pubs.acs.org. This section provides the literature sources for the absorption maxima of the A1 and A2
vertebrate M/LWS pigments as well as additional details regarding the theoretical methods.
Our principal conclusion is that the deep red pigments achieve an enhanced bathochromic shift by selecting a 6-s-trans conformation of the bound chromophore. Those pigments which are predicted to adopt a 6-s-trans A2 chromophore are indicated in solid rectangles.
We consider these assignments compelling. Those pigments which are predicted to adopt a 6-s-trans A1 chromophore are indicated in dashed rectangles. We consider these assignments tentative. All the other pigments shown have 6-s-cis A1 or A2 chromophores.
Over 200 absorption maxima of vertebrate M/LWS pigments from various literature sources are collected in Tables S1 (A1 chromophores) and S2 (A2 chromophores). These data were used to generate the histograms shown in Figure 3 .
The isolated chromophore models that we used to examine the effect of 6-s-cis versus 6-s-trans conformation on the electronic properties of the isolated chromophores are shown in Tables S3 and S4 . The ground state geometries of the models were minimized by DFT methods in Gaussian-03 (29) . The B3LYP/6-31G(d) Hamiltonian was selected. The excited state properties were calculated by using MNDO-PSDCI theory (30) (31) (32) (33) . The molecular diagram that is shown to the left of the data shows the geometry of the chromophore with the lowest energy conformation. In general, protonated Schiff bases without counterions select the 6-s-trans. Most others select 6-s-cis. Table S3 : A1 chromophore models and the calculated properties. Table S3 continued   Table S4 : A2 chromophore models and the calculated properties. 
